Lamins are key structural components of the nuclear lamina, an intermediate filament meshwork that lies beneath the inner nuclear membrane. Lamins play a role in nuclear architecture, DNA replication, and gene expression. Mutations affecting A-type lamins have been associated with a variety of human diseases, including muscular dystrophy, cardiomyopathy, lipodystrophy, and progeria, but mutations in B-type lamins have never been identified in humans or in experimental animals. To investigate the in vivo function of lamin B1, the major B-type lamin, we generated mice with an insertional mutation in Lmnb1. The mutation resulted in the synthesis of a mutant lamin B1 protein lacking several key functional domains, including a portion of the rod domain, the nuclear localization signal, and the CAAX motif (the carboxylterminal signal for farnesylation). Homozygous Lmnb1 mutant mice survived embryonic development but died at birth with defects in lung and bone. Fibroblasts from mutant embryos grew under standard cell-culture conditions but displayed grossly misshapen nuclei, impaired differentiation, increased polyploidy, and premature senescence. Thus, the lamin B1 mutant mice provide evidence for a broad and nonredundant function of lamin B1 in mammalian development. These mutant mice and cell lines derived from them will be useful models for studying the role of the nuclear lamina in various cellular processes.
expression patterns and different assembly properties, suggesting independent functions. For example, B-type lamins are expressed throughout development, whereas A-type lamins are expressed only after commitment of cells to a particular differentiation pathway (10, 11) . Also, A-and B-type lamins exhibit distinct solubility properties during mitosis because of temporal differences in the association with chromatin, with the association of B-type lamins preceding that of the A-type lamins (12) .
Mutations in LMNA produce an intriguingly diverse spectrum of diseases including muscular dystrophies (Emery-Dreifuss muscular dystrophy, limb-girdle muscular dystrophy type 1B), neuropathy (Charcot-Marie-Tooth disease type 2), dilated cardiomyopathy with conduction system disease, familial partial lipodystrophy (s.c. fat loss and diabetes), mandibuloacral dysplasia (skeletal malformations and lipodystrophy), atypical Werner's syndrome, and Hutchinson-Gilford progeria syndrome (precocious aging syndromes) (13) (14) (15) (16) (17) . Many of the phenotypes associated with LMNA mutations in humans have been observed in mice harboring Lmna mutations. Mice with null mutations in the Lmna gene develop muscular dystrophy (18) , peripheral neuropathy (19) , and cardiomyopathy (20) . Gene-targeted mice with mutations leading to multiple Lmna mRNA splicing abnormalities exhibit aging-like phenotypes akin to those observed in humans with progeria, such as reduced lifespan, osteolytic lesions of bones, dental abnormalities, and cells with misshapen nuclei (21) . A deficiency in Zmpste24 (a metalloproteinase of the endoplasmic reticulum) prevents the processing of prelamin A to mature lamin A, resulting in the accumulation of prelamin A within cells (22, 23) . Zmpste24-deficient mice exhibit multiple phenotypes reminiscent of progeria, including hair loss, dental abnormalities, and osteolysis of the clavicle and other bones.
Although dozens of disease-causing LMNA mutations have been catalogued, defects in the B-type lamins have never been identified. The absence of human disease suggests that the loss of one of the B-type lamins is either inconsequential or causes death early in development. ''Knockdown'' experiments with small interfering RNAs (siRNAs) favor the latter possibility, because reduced lamin B1 expression caused cultured cells to stop growing and undergo apoptosis, whereas reduced expression of the A-type lamins had no appreciable effect on cell growth (24) .
To define the importance of lamin B1 in mammals, we generated Lmnb1 mutant mice. In view of the aforementioned siRNA experiments (24), we predicted that the mutant mice would die early in embryonic development. To our surprise, however, the mice survived until birth, albeit with bone and lung abnormalities. Lamin B1-deficient fibroblasts grew under stan-dard culture conditions but exhibited misshapen nuclei and growth and differentiation abnormalities. Thus, lamin B1 is required for normal embryonic development and postnatal survival, but the lamin B1 mutation did not lead to lethality at the cellular level.
Materials and Methods
An Insertional Mutation in Lmnb1. Mouse embryonic stem (ES) cells containing a gene-trap insertion in Lmnb1 (cell line XA130) were obtained from BayGenomics (San Francisco) (25) . Insertion of the gene-trap vector into Lmnb1 was verified by direct sequencing of cDNA obtained by 5Ј rapid amplification of cDNA ends (26) . Chimeric mice were generated by blastocyst microinjection and crossed with C57BL͞6J mice to create mice carrying the mutant Lmnb1 allele (Lmnb1 ϩ/⌬ ). Offspring were genotyped by PCR of genomic DNA with primers specific for the wild-type Lmnb1 allele (Lmnb1 forward, 5Ј-TCCGTGTCGT-GTGGTAGGAGG-3Ј; Lmnb1 reverse, 5Ј-GCAGGAGGGTT-GGGAAAGCC-3Ј) and for the mutant allele carrying the gene-trap insertion (Lmnb1 forward, as above; vector reverse, 5Ј-CACTCCAACCTCCGCAAACTC-3Ј).
Cell Culture and Western Blots. Primary mouse embryonic fibroblasts (MEFs) were prepared from embryos harvested 14.5 days post coitus (dpc) (27) . Cells were maintained at 37°C in 5% CO 2 with DMEM containing 10% FBS, penicillin͞streptomycin, and 2 mM glutamine. Two days after reaching confluence, adipocyte differentiation was induced by adding insulin, dexamethasone, isomethylbutylxanthine, and the peroxisome proliferator activated receptor ␥ ligand, rosiglitazone (BRL 49653; a gift from Todd Leff, Wayne State University, Detroit) (28) . Karyotype analysis was performed after treating cells for 5 h with 0.1 g͞ml colcemid (Sigma) (27) . For Western blot analysis, cellular protein extracts (10 g) were electrophoresed on 10% SDS͞ polyacrylamide gels and blotted to nitrocellulose for detection by chemiluminescence (Amersham Pharmacia). Primary antibodies were directed against lamin A͞C (n-18; Santa Cruz Biotechnology), lamin-associated protein 2 (LAP2; clone 27; BD Biosciences Clontech), and lamin B (C-20; Santa Cruz Biotechnology). The latter appears to be lamin B1-specific, based on our Western blot and immunofluorescence studies.
RT-PCR.
Gene expression levels in MEFs and embryos were assessed by RT-PCR. cDNA was prepared and analyzed as described (29) . Primers were as follows: Lmnb1-3Ј forward, TCAGGGAGAGGAGGTTGCTC-3Ј; Lmnb1-3Ј reverse, TCT-GCACTGTATACAGGACTC-3Ј; Lmnb1-5Ј forward, 5Ј-GGGCGTCAGATTGAGTATGAG-3Ј; Lmnb1-5Ј reverse, 5Ј-TTAGAGAGCTGTGAGGAGAGG-3Ј; Lmna forward, 5Ј-GACTTGGTGTGGAAGGCGCAGA-3Ј; Lmna reverse, 5Ј-GCTTCGAGTGACTGTGACACTGGA-3Ј; Lmnc forward, same as Lmna forward; Lmnc reverse, 5Ј-GCAGGGCTAC-CCTTGTGGGCT-3Ј; Hprt forward, CACAGCACTAGAA-CACCTGC-3Ј; and Hprt reverse, 5Ј-GCTGGTGAAAAGGAC-CTCT-3Ј.
Embryo Staining and Histology. Whole embryos or tissues were fixed in 10% formalin, dehydrated, cleared, embedded in paraffin, sectioned at 4 m, and stained with hematoxylin͞eosin. For lung histology, embryos were dissected in PBS to prevent inflation of lung tissue. ␤-galactosidase (␤-gal) activity was detected in freshly isolated embryos by fixation in 0.2% glutaraldehyde and incubation with a ␤-gal staining solution (30) . Staining of skeleton was performed with Alizarin red and Alcian blue (31) .
Immunofluorescence Microscopy. Primary cells at passage 4-5 were grown on collagen-coated coverslips, fixed in 4% paraformaldehyde, permeabilized with 0.2% Triton X-100 in PBS, and blocked with 10% goat or donkey serum for 30 min. Cells were incubated for 60 min with antibodies against lamin B, lamin A͞C, LAP2, ␤-gal (MAb1802; Chemicon), or nuclear pore complex NPC (MAb414; BabCO, Richmond, CA). After washing, cells were stained first with Cy3-conjugated secondary antibodies (Jackson ImmunoResearch) and then with SYTOX Green (Molecular Probes) to visualize DNA. Images were obtained with an LSM 510 confocal laser scanning system attached to an Axiovert inverted microscope (Zeiss).
Results

Lmnb1
Mutation Is Lethal at Birth. To produce Lmnb1 mutant mice, we used an ES cell line carrying an insertional mutation in Lmnb1 (BayGenomics cell line XA130). The insertion, located in intron 5 of Lmnb1 (Lmnb1 contains 11 exons and 10 introns), results in an mRNA fusion transcript containing the first five Lmnb1 exons joined in-frame to a ␤geo reporter gene. The mutant lamin B1 protein contains the amino-terminal head domain and a truncated ␣-helical central rod domain fused to ␤geo, but lacks the carboxyl-terminal 273 aa of lamin B1 (Fig.  1A ). This deletion eliminates one of two known phosphorylation sites, the nuclear localization signal, and the carboxyl-terminal CAAX motif. We refer to the mutant Lmnb1 allele as Lmnb1 ⌬ . ES cells carrying the Lmnb1 mutation were injected into mouse blastocysts, and chimeric offspring were bred to produce Lmnb1 ϩ/⌬ mice, which were fertile and phenotypically indistinguishable from wild-type mice. However, no live Lmnb1 ⌬/⌬ mice were identified from 140 offspring of heterozygote intercrosses. (Table 1) . Indeed, upon further scrutiny, we observed that Lmnb1 ⌬/⌬ pups were born alive but died within a few minutes and were cannibalized by the mother.
Lamin expression in mouse embryonic fibroblasts (MEFs) was examined by RT-PCR and Western blot analysis. In Lmnb1 (Fig. 1C) . The lamin B1-␤geo fusion protein was not detected with an antibody raised against the C-terminal domain of B-type lamins. This antibody appears to be specific for lamin B1 because it did not detect the lamin B2 expressed by the Lmnb1 ⌬/⌬ cells. Lamins A and C, as well as lamin-associated protein 2 (LAP2), were expressed at normal levels in Lmnb1 ⌬/⌬ fibroblasts. Lamin B expression was also assessed in 7.5-dpc whole embryos by RT-PCR (Fig. 1D) . As expected, the 3Ј portion of lamin B1 was not detected, but lamin B2 was expressed at comparable levels in wild-type, Lmnb1 ϩ/⌬
, and Lmnb1
⌬/⌬ embryos.
Lmnb1 Deficiency Results in Abnormal Lung Development and Bone
Ossification. The Lmnb1 ⌬/⌬ embryos were smaller than wild-type mice (609 Ϯ 67 mg vs. 1,083 Ϯ 166 mg at 18.5 dpc; P Ͻ 0.0001) and had an abnormally rounded posture with craniofacial dysmorphology ( Fig. 2A) . Staining of Lmnb1 ⌬/⌬ and Lmnb1 ϩ/⌬ embryos for ␤-gal expression indicated that Lmnb1 is expressed throughout embryonic development and in nearly all tissue types (data not shown). Most of the internal organs in Lmnb1 ⌬/⌬ mice appeared grossly normal by routine histology (Fig. 2B) . Lmnb1 ⌬/⌬ embryos harvested at 18.5 dpc had a heartbeat, suggesting a functional circulatory system. Therefore, we suspected that the perinatal mortality in Lmnb1 ⌬/⌬ mice might have been caused by respiratory failure. In support of that possibility, 9 of 11 Lmnb1 ⌬/⌬ embryos examined had abnormal lung tissue with fewer alveoli than wild-type lungs and abnormally thick mesenchymal tissue (Fig. 2C) . In two Lmnb1 ⌬/⌬ embryos, the lung had no detectable alveoli.
The small size and abnormal curvature of the spine in Lmnb1 ⌬/⌬ embryos suggested that lamin B1 might have a role in skeletal development. Alcian blue and Alizarin red staining of Lmnb1 ⌬/⌬ embryos revealed distortion of the thoracic vertebral column (Fig. 3A) . Also, there was reduced Alizarin red staining of the top cervical vertebrae, as well as the metacarpal and metatarsal bones, phalanges, talus, and calcaneus, suggesting retarded or impaired ossification. The lengths of the long bones (humerus, radius, ulna, femur, tibia, and fibula) were reduced in proportion to the decreased size of Lmnb1 ⌬/⌬ embryos. Of note, however, the degree of ossification, as judged by Alizarin red staining, was reduced in the mutant embryos (Table 2) .
We also observed abnormal development of bones forming the roof of the skull as evidenced by the flattened appearance of the skull (Fig. 3A) . Hypermineralization was also visible in the nasal bones as increased Alizarin red staining (Fig. 3B) . Additional abnormalities were evident in the appearance of cranial sutures, fibrous joints that allow the calvarial bones to expand as the brain enlarges during development. Normally, all but one of the cranial sutures remain open throughout the life span of the animal (32) . Wild-type embryos showed patent coronal and sagittal sutures, but in Lmnb1
mice, the coronal suture was narrowed (Fig. 3B, arrows) and the sagittal suture was obscured by bone overlap, suggesting bone overgrowth (Fig. 3B, arrowhead) . The absence of normal cranial sutures was also evident from the lack of visible blood vessels underneath sutures in Lmnb1 ⌬/⌬ mice, which were readily detected in wild-type embryos (Fig. 3C) . MEFs was localized to the inner surface of the nuclear envelope and was undetectable in Lmnb1 ⌬/⌬ cells (Fig. 4A) . The mutant cells also exhibited striking nuclear dysmorphology; analysis of 260 cells of each genotype in two independent experiments showed multiple large blebs in 38-39% of Lmnb1 ⌬/⌬ nuclei but in only 2-8% of wild-type nuclei (Fig. 4A and data not  shown) .
Nuclear Abnormalities in Primary Lmnb1
The insertional mutation results in production of a lamin B1-␤geo fusion protein. We could therefore detect the product of the Lmnb1 ⌬/⌬ allele by immunofluorescence with an antibody against ␤-gal. The lamin B1-␤geo fusion protein, which was present only in the mutant cells, was detected in both the nucleoplasm and at the nuclear membrane (Fig. 4A) . The nuclear localization was somewhat unexpected because the fusion protein lacks the nuclear localization signal. 
Although the Lmnb1
⌬/⌬ mutation did not alter the level of expression of lamin A͞C or LAP2 (see Fig. 1 ), it did affect their localization. Both were distributed unevenly along the periphery of the nucleus, with noticeably reduced staining of some blebs of the nucleus (Fig. 4B ). In addition, there was less DNA in some blebs, especially in those with reduced staining for lamin A͞C and LAP2, possibly reflecting an altered lamina-chromatin interaction (see merged images in Fig. 4A Right) . In contrast, the distribution of nuclear pore complex proteins, which span both the inner and outer nuclear membranes, appeared normal in Lmnb1
cells. The examination of Lmnb1
ϩ/⌬ fibroblasts gave the same results as wild-type cells, indicating that the mutant protein does not act in a dominant manner (data not shown).
We next asked whether the disruption in nuclear structure in Lmnb1 MEFs were grown to confluence, and induced to differentiate into adipocytes 2 days later. Differentiation into mature adipocytes was monitored by staining for triglyceride accumulation with Oil Red O. Wild-type MEFs accumulated substantial amounts of triglyceride after 6 days of differentiation (Fig. 5A) . In contrast, Lmnb1 ⌬/⌬ cells failed to accumulate lipid, suggesting impaired differentiation.
To further characterize the defect in lamin B1 mutant cells, we evaluated the proliferative capacity of freshly prepared MEFs. We recorded the number of days required for wild-type and Lmnb1 ⌬/⌬ fibroblasts to reach 95% confluence at each passage and determined the number of passages until cells entered a senescent phase (33) . The passage times for the two cell types were similar through passage 5. Wild-type cells entered a proliferative crisis, as indicated by the increase in passage time, at passage 8 (Fig. 5B) . In contrast, Lmnb1 We performed karyotype analysis to determine whether alterations in chromosome number are associated with the premature senescence observed in Lmnb1 ⌬/⌬ cells. Passage 4 MEFs from two independent wild-type and Lmnb1 ⌬/⌬ embryos were treated with colcemid to arrest the cell cycle at metaphase, and chromosomes were counted. The average chromosome number in wild-type cells was Ϸ2n (47 Ϯ 15), whereas Ͼ80% of Lmnb1 ⌬/⌬ cells were polyploid, with a significantly increased number of chromosomes (80 Ϯ 35) (Fig. 5C) . Furthermore, one-third of the Lmnb1 ⌬/⌬ cells had accumulated Ͼ100 chromosomes. Such an increase was never observed in wild-type cells.
Discussion
We investigated Lmnb1 mutant mice to define the role of lamin B1 in mammalian development and nuclear architecture. In contrast to lamin A͞C-deficient mice, which survive for 4-6 weeks after birth (18) , Lmnb1 ⌬/⌬ embryos exhibited impaired growth and died shortly after birth. The retarded or abnormal lung development may have led to respiratory failure and perinatal lethality, although we could not exclude the possibility that abnormalities in other organs also contributed to their demise. In addition, there was a striking reduction in long bone ossification and an abnormal cranial structure. The apparent closure of coronal sutures and the parietal bone overgrowth at the sagittal suture are analogous to craniosynostosis that has been characterized in mouse strains with altered expression of genes involved in neural development and cellular growth (34) (35) (36) . At the cellular level, the lamin B1 mutation disrupted the organization of the lamina and the structure of the nuclear envelope, producing grossly misshapen nuclei and abnormal chromatin distribution. Lmnb1 ⌬/⌬ fibroblasts exhibited premature senescence, impaired adipocyte differentiation, and an increased occurrence of polyploidy.
The more severe phenotype in lamin B1-mutant mice compared with lamin A͞C-deficient mice might reflect the fact that Lmnb1 expression exhibits a broader tissue distribution than Lmna. All mammalian cells express at least one form of the B-type lamins, and the expression is constitutive during development; expression is detectable in ES cells as well as stem cells for the immune, hematopoeitic, and neuroendocrine systems (10, 11, 37, 38) . In contrast, A-type lamins cannot be detected in any cell type before day 7 or 8 of embryonic development (10, 11, 37) . Interestingly, Rober et al. (11) found that lamin A͞C is present in many mouse tissues at birth, but is not detectable in the lung until after postnatal day 1, suggesting that B-type lamins may be particularly important in that tissue. The apparent respiratory failure in newborn Lmnb1 ⌬/⌬ mice is consistent with this finding.
The fact that the Lmnb1 ⌬/⌬ mice survived until birth, and that we were able to culture and even immortalize Lmnb1 ⌬/⌬ fibroblasts, was surprising. From knockdown experiments with siRNAs (24), we had expected that the Lmnb1 mutation would cause death early in development, preventing us from culturing Lmnb1-deficient cells. Initially, we suspected that the relatively mild phenotype might have been caused by ''intrinsic leakiness'' of the insertional mutation. However, this was not the case. No full-length Lmnb1 transcripts were detected by RT-PCR, and no full-length lamin B1 protein was present on Western blots. Because we did detect normal lamin B2 mRNA levels in Lmnb1 ⌬/⌬ embryos and primary cells, it is possible that this related B-type lamin could partially compensate for the loss of lamin B1 during development. Another possibility is that the Lmnb1 ⌬/⌬ mutation represents a hypomorphic allele that produces a lamin B1-␤geo fusion protein that retains some biological activity. However, in vitro studies of lamin B1 mutants do not support the notion that the lamin B1 fusion protein could be functional. Deletion of the carboxyl-terminal half of lamin B1, similar to the deletion encoded by the Lmnb1 ⌬/⌬ allele, leads to a complete loss of chromatin-binding regions of the protein (39) . Moreover, our lamin B1 mutant protein lacks the carboxylterminal CAAX motif, and lamin B1 mutants lacking this domain interfere with the nuclear membrane targeting of A-type lamins (40) . Nevertheless, we cannot completely exclude the possibility that the lamin B1-␤geo fusion protein retains some function, particularly because it localized to the nucleus. The nuclear localization was unexpected because the protein lacks both the nuclear localization signal and the CAAX sequence, two motifs that are important for the targeting of lamin B1 to the nuclear envelope. One possibility is that the fusion protein retains some capacity to dimerize with other lamina proteins (e.g., lamin B2).
Primary Lmnb1
MEFs exhibited grossly misshapen nuclei, reached a replicative crisis several passages before wild-type MEFs, and grew slowly. The early cell senescence and misshapen nuclei are reminiscent of findings reported for MEFs homozygous for a mutant Lmna allele characterized by multiple mRNA splicing abnormalities and a missense mutation (L530P) (21) . In the case of the Lmnb1 ⌬/⌬ MEFs, the early replicative crisis was accompanied by an accumulation of polyploid cells in the culture population, suggesting a possible role for lamin B1 in chromosome segregation during cell division. The inability of polyploid cells to continue to divide could contribute to the reduced DNA replication and premature senescence of Lmnb1 ⌬/⌬ cells. Whether the Lmna mutant allele was also associated with karyotypic abnormalities is not known. MEFs from Lmnb1 ⌬/⌬ embryos exhibited impaired adipocyte differentiation, an intriguing feature in light of the fact that certain LMNA mutations in humans cause a partial lipodystrophy phenotype. In the future, it will be interesting to determine whether early replicative crisis and impaired differentiation are general features of mutations that disrupt the nuclear lamina.
We were intrigued to identify skeletal abnormalities in the Lmnb1 ⌬/⌬ mice. No bone abnormalities were reported in the lamin A͞C-null mice. However, osteolysis and dental abnormalities are features of Hutchinson-Gilford progeria syndrome (41) , which is caused by lamin A͞C mutations. Also, Bergo et al. (22) observed nonhealing bone fractures, osteolysis, osteopenia, and dental abnormalities in mice lacking Zmpste24, an endoprotease that is required for the maturation of prelamin A to mature lamin A. At this point, the mechanism for bone abnormalities associated with the lamin abnormalities remains mysterious.
The lamin B1 mutant mice are a resource for investigators interested in the nuclear lamina and should spur interest in developing animal models with mutations in other nuclear envelope proteins. Moreover, the Lmnb1 ⌬/⌬ MEFs will be useful to further elucidate the role of lamin B1 in maintaining nuclear structure and function. Experiments with those cells and MEFs from the lamin A͞C-deficient mice (18) should facilitate an in-depth understanding of the gene expression changes that accompany structural abnormalities in the nuclear lamina.
